This report presents the backbone assignments and the secondary structure determination of the A domain of the Escherichia coli mannitol transport protein, enzyme-IImt'.
The enzyme-I1 mannitol of Escherichia coli is part of the phosphoenol-pyruvate dependent phosphotransferase system. The system regulates the uptake and phosphorylation of specific carbohydrate substrates (for reviews see Postma & Lengeler [1985] , Meadow et al. [1990] , and Lolkema& Robillard [ 19921) . Before the substrate is phosphorylated, a phosphoryl group is transferred from PEP via enzyme-I and the histidine containing protein to EII"".
EIIm'l is a 67-kDa membrane bound protein consisting of three domains -A, B, and C -linked via flexible parts. The cytoplasmic carboxy-terminal A domain transfers the phosphoryl group from HPr to the cytoplasmic B domain, which phosphorylates the mannitol after translocation through the membrane by the N-terminal C domain.
IIAmt' is phosphorylated at the Ne2 position of His 554 by phospho-HPr and transfers the G.J.A. Kroon et al.
phosphoryl group to the Cys 384 of IIB"" Pas et al., , 1991 . Substitution of an alanine for His 554 inhibits the PEP-dependent mannitol phosphorylation reaction. Van Weeghel et al. (1991) have cloned the cytoplasmic A domain and brought it to overexpression in E. coli. The phosphorylation site histidine of the 16.4-kDa cloned A domain is now located at position 65 and is still functional. Achieving a separate subcloned and functional domain not only allows us to study structural features of the domain, but it also enables us to study the interactions between IIA"" and HPr (Haris et al., 1992; Van Dijk, 1992; Van Nuland et al., 1993) .
Multidimensional heteronuclear NMR spectroscopy has been used to identify secondary structure elements of the HAg" from E. coli (Pelton et al., 1991) and BaciiIus subtilis (Fairbrother et al., 1991) . Neither protein has sequential homology with IIA"", although they have similar functions in the PTS. Both proteins contain a considerable amount of @-sheet, but only small helical elements have been observed. In contrast to these proteins, a large amount of a-helix and a relatively small amount of @-sheet has been observed for IIA"" using CD (Van Nuland, pers. comm.) and FTIR measurements (Haris et al., 1992) . This paper reports the backbone assignments and secondary structure determination of IIA"", the first step toward the determination of the 3D structure in solution, and compares the secondary structure of IIA"" with that of IIAgl' of E. coli and B. subtilis.
Results
The HSQC experiment The 2D 'H-I'N HSQC spectrum (Bodenhausen & Ruben, 1980) recorded at 30 "C ( Fig. 1) shows many overlapping 'H-"N frequency pairs, especially at w'H 9.3 ppm and wI5N 127 ppm (F13 and F81), at w'H 8.7-8.8 ppm and w"N 131 ppm (V137, A105, L57, and F90), and in the region between w'H 7.2-9.0ppm and w''N 115-123 ppm. The overlap in this latter region is shown in more detail in Figure 1B .
Of the expected 144 'H-I'N backbone frequency pairs, only 125 pairs were found in the spectrum recorded at 30 "C. This was caused not only by spectral overlap but also by too rapid exchange of some amide protons with water at the pH used. The protein is unstable at pH values below 7.0, where exchange would be slower.
Backbone assignment
The first step in the backbone assignment procedure was to find sequential connectivities using a method described by Van Nuland et al. (1992) , combining information from the NOESY-HSQC and TOCSY-HSQC spectra (Billeter et al., 1982; Wiithrich, 1986) .
Preliminary backbone assignments
were found by searching for small residues like glycines and alanines within stretches of sequential connectivities, because these residues could be identified most reliably in the TOCSY-HSQC spectra. Most other types of residues showed only the 'HN and 'Ha frequencies in the TOCSY spectra. This procedure enabled us to assign 40% of the backbone amide and I5N resonances. Constant time tripleresonance experiments were necessary in order to confirm and extend the assignments.
In the HN(C0)CA experiment, the 'H-I5N(i) pair is labeled with the I3Ca ( i -1) frequency. In the HNCA experiment, the same pair is labeled with both the I3Ca ( i ) and the 13Ca ( i -1) frequencies. A sequential connectivity is found by picking the I3Ca (i -1) frequency corresponding to the 'H-"N(i) pair in the HN(C0)CA and searching for a 'H-15N(i -1) pair in the HNCA with a matching I3Ca frequency (Fig. 2 , step 1). Stretches of sequentially assigned resonances were placed in the amino acid sequence using the fact that four prolines are present in the protein resulting in five stretches, each with a specific number of residues. All 11 glycines were identified by their characteristic I3Ca chemical shift (Van Nuland et al., 1992) , which ranges from 43.0 to 48.5 ppm, whereas the I3Ca chemical shifts of all other residues range from 49.7 to 66.9 ppm (see Table 1 ). Using these features, about 80% of the backbone resonances could be assigned. The remaining IH-''N pairs could not be connected unambiguously due to overlapping 13Ca frequencies.
To resolve these ambiguities, the HNCO and COCAH spectra were used. In combination with the TOCSY-HSQC, these spectra provide an independent way to find connectivities. In the HNCO experiment the 'H-"N(i) pair is labeled with the I3CO(i -1) frequency. In the COCAH experiment the ' H a ( i ) resonance is labeled with the I3CO(i) and I 3 C a ( i ) frequencies. To check whether the 1H-''N-13Ca triple found in step 1 (Fig. 2) can be assigned to residue ( i -l), we used the H a resonance of that residue, identified in the TOCSY-HSQC (Fig. 2, step 2 ), in combination with the I3Ca frequency, to find the I3CO frequency of that residue in the COCAH spectrum (Fig. 2, step 3 ). When this I3CO frequency matches with the one found in the HNCO spectrum at the 'H-"N(i) frequency (Fig. 2, step 4) , the connectivity is accepted. This procedure is illustrated for residues A62 and V63 in Figure 3 .
The connectivities were confirmed by comparing both 'H-'H NOESY slices from the NOESY-HSQC for sequential NOES. Using this procedure we were able to check all previously obtained sequential connectivities and to find most of the remaining connectivities (Van Nuland et al., 1992) .
All backbone assignments obtained thus far are presented in Table 1 . Figure 4 shows the 'Ha-I3Ca (w 1-02) and 
Determination of the secondary structure elements
The NOESY-HSQC recorded at 30 "C was analyzed for patterns in amide-amide (NN) and Ha-amide (ON) NOES that are characteristic of specific secondary struc-G. J.A. Kroon et af. ture elements (Fig. SA) (Wuthrich, 1986) . Additional evidence comes from an analysis of the chemical shifts (Fig. 5B) . The aN(i, i + 1 ) NOES were classified as strong, medium, or weak. A region was classified as a helix when NN(i, i + 1) NOES were observed in combination with aN( i, i + 3) NOEs, weak a N ( i, i + 1) NOEs, positive 13Ca (Spera & Bax, 1991) , and negative ' H a secondary chemical shifts (Wishart et al., 1992) . A region was classified as a &strand if a N ( i, i + 3) NOES were absent, aN(i, i + 1) NOES were strong, and there were negative 13Ca and positive 'Ha secondary chemical shifts.
Also shown in Figure 5B are the I3CO secondary chemical shifts, which display a dependency on secondary structure similar to, albeit less pronounced than, the "Ca secondary shifts.
This analysis yielded evidence for five helical regions -E22-K34, E41-K51, I1 11-A121, S126-TI34, and D138-L142-and two @-strands-T77-Y84 and R99-Al05 (Fig. 5A ). Based on chemical shift evidence (Fig. 5B ), two extra regions (residues Nll-A18 and T55-H65) would appear to be &strands, but the NOE evidence ( Fig. 5A ) does not warrant this conclusion. In addition, several of the NOES connecting the two P-strands could be identified. As indicated in Figure 6 , these two strands combine to form an anti-parallel @-sheet in IIAm".
Discussion
It was impossible to obtain complete backbone assignments of E. coli HArn'' domain using only ''N-'H heteronuclear NMR experiments. The 15N NOESY-HSQC and TOCSY-HSQC spectra yielded about 40% of the amide proton resonance assignments. This was caused by spectral overlap and incomplete TOCSY-HSQC spectra. After analyzing the HNCA and HN(C0)CA spectra, in combination with the previous ones, 80% of the amide proton resonances present could be assigned. When the HNCO and COCAH spectra were included, almost all A number of weak peaks, observed only in the HSQC spectrum (Fig. lA) , remain unassigned. All these peaks are found in the area between o ' H 7.5-8.0 ppm and w"N 125-131 ppm. They show strongly negative heteronuclear 'H-I5N NOES (data not shown) and probably belong to the first six residues of the flexible N-terminal end.
Three of the missing backbone amide proton frequencies belong to asparagines. On the other hand, all expected side-chain resonances of the glutamine and asparagine residues are present in the HSQC spectrum of Figure 1A .
The sensitivity of the COCAH experiment is good despite the fact that the magnetogyric ratio of the 13C nucleus is four times lower than that of the 'H nucleus. Compared with pulse schemes that start with ' H excitation, the COCAH approach has the advantage that it uses fewer rf pulses and that the H a resonances coinciding with the residual water resonance are not attenuated by presaturation of the water signal. A disadvantage is that a longer relaxation delay is necessary due to the longer T I ? of the I3CO spins. Lengeler (1990) divided the EIIs of the PTS into different families using sequence comparisons.
IIAg" belongs to the glucopyranoside family and IIA""' of E. coli belongs to the D-mannitoh-fructose family. The structures of IIAg" from E. coli and B. subtilis have been determined using NMR and X-ray Pelton et al., 1991; Worthylake et al., 1991; Fairbrother et al., 1992) . The proteins are 41 070 homologous in their amino acid sequence and are phosphorylated at a histidine through interaction with P-HPr. The consensus sequence surrounding the phosphorylation site, present in all proteins of the glucopyranoside PTS family, is XXHXGX, were X is a hydrophobic residue (Fig. 7) . The secondary structures of IIAg'' from B. subtilis and E. coli contain a large amount of 0-sheet and some small regions with helical structure. Domain IIA'"'' of E. coli, however, contains five regions with helical structure and only two 0-strands forming an anti-parallel &sheet (Fig. 6) .
IIA"'' of E. coli from the D-mannitolh-fructose family has a 41% sequence homology with IIA"" of Enterococcus faecalis and 38% homology with IIA"" of Staphylococcus carnosus (Fischer et al., 1991) . The consensus sequence around the phosphorylation site of E. coli IIAm", AXPHGT (X being a hydrophobic residue), is conserved in these three proteins (Fig. 7) and is also found in the N-terminal part of the FPr of Salmonella typhimurium (Geerse & Postma, 1989) . The residues adjacent to the histidine in the phosphorylation site of the proteins belonging to the glucopyranoside PTS family are different from the ones found in the proteins of the D-mannitol/ D-fructose PTS family. These residues are not as well conserved throughout the glucopyranoside PTS family as is the case for the D-mannitolh-fructose PTS family. IIA""' of E. coli is the first protein of the D-mannitol/ D-fructose PTS family for which the secondary structure has been determined.
Comparing the amino acid sequence and structural features of the IIA proteins, we postulate that there are at least two distinct classes of IIA proteins. One class of structures, the glucopyranoside PTS family (Lengeler, 1990) , which includes IIAg'' of E. coli and B. subtilis, primarily contains a large amount of &sheet. Another class of structures, the D-mannitolh-fructose PTS family, which includes E. coli IIA"", contains more helical elements. Considering that E. coli IIA proteins of both families are phosphorylated by the same P-HPr, it is reasonable to suggest that the histidine at the phosphorylation site is probably situated in a comparable environment.
The assignment of the side-chain ' H and I3C resonances, which is the next step toward the determination of the structure of the IIA""' domain, is in progress.
Materials and methods

Bacterial strains and growth
"N-enriched protein was obtained by growing E. coli strain JMlOl (A(Lac-ProAB), thi, [F', traD36, ProAB, LacIq, ZAM151) containing the plasmid pMcCI 
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20 mg/L chloramphenicol, 1 mg/L thiamine, 0.77 pM MgS04, and 0.077 pM CaC12. Synthesis of IIAmt' was induced by adding IPTG to a concentration of 1 mM to the medium immediately after inoculation. The bacteria were allowed to grow for 24 h, after which they were harvested by centrifugation (10,000 x g, 4 "C, 10 min).
Purification and sample preparation
IIA"' " was purified as described by .
A sample of "N-enriched HArnt' in H 2 0 was obtained by dialyzing the purified protein solution against 2 mM KPi, pH 7.5. After freeze drying, the protein was dissolved in 0.5 mL H 2 0 / 2 H 2 0 (93:7 by volume), to yield 2 mM protein solution in 50 mM KPi, pH 7.5. The "N enrichment of the protein was more than go%, as estimated from the intensity of the "N-coupled proton resonances in the ' H NMR spectrum.
Samples of 1'N/'3C-enriched IIA"' " in H 2 0 were obtained by dialyzing the protein solution against 4 mM KPi, pH 7.3. After freeze drying, the protein was dissolved in 1.0 mL ' H 2 0 / 2 H 2 0 (93:7 by volume) and divided into two aliquots, each containing a 4 mM protein solution in 50 mM KPi, pH 7.3. The 13C and "N enrichments were estimated to be approximately 80% and %%, respectively, as described for the "N-enriched sample.
For experiments in 2H20, the sample in ' H 2 0 was freeze dried and redissolved in 0.5 mL 2H20.
The protein concentration was determined using the Bradford method (Bradford, 1976) with bovine serum albumin as the standard.
Purity and activity
The purity of the protein was checked by denaturing SDS-PAGE on 15% gels as described by Laemmli (1970) The activity of IIAmt' was measured in a complementation assay described by Van Weeghel et al. (1991) .
15N-'H heteronuclear NMR spectroscopy
All NMR experiments were performed on a Varian Unity 500-MHz spectrometer.
The 3D NOESY-HSQC and 3D TOCSY-HSQC spectra were recorded at 20 "C and 30 "C using published pulse sequences (Marion et ai., 1989a,b; Fesik & Zuiderweg, 1990; Norwood et al., 1990) . The spectral widths in the wl ('H), w2 ("N), and w3 ('H) domains of the spectra recorded at 30 "C were 5,OOO, 2,000, and 6,667 Hz, respectively. The maximum values for t ' , f2, and t3 were 30,32, and 307 ms. The spectral widths of the spectra recorded at 20 "C were 6,000, 2,000, and 7,000 Hz for a l , w2, and 03, respectively. The maximum values for t l , t Z , and t3 were 25, 32, and 146 ms. In order to obtain quadrature detection in w l and w2, TPPI was used .
The 'H-carrier frequency was positioned at the water resonance, and the I5N carrier was set at 116.6 ppm relative to liquid NH3 (Live et al., 1984) .
The mixing time in both NOESY-HSQC experiments was 100 ms, including a 20-ms homospoil pulse in the middle of this period in order to remove any coherences of order one and higher.
The spin-lock period in the TOCSY-HSQC experiments was 55 ms. A DIPSI-2 sequence (Shaka et al., 1988) was used with a yB1 = 11 kHz rf field.
Water was suppressed by a weak rf field during the 1-s preparation period and by two orthogonal spin-lock pulses, of 2 and 6 ms, applied during the reversed-INEPT part of the pulse sequence (Messerle et al., 1989) . During acquisition, a broadband WALTZ-16 sequence (Shaka et al., 1983) with an rf field of yB, = 0.8 kHz was used for "N decoupling.
'H-15N-13C triple-resonance NMR spectroscopy
The HNCA, HN(CO)CA, and HNCO spectra were recorded using a constant-time "C-evolution period, as described by Grzesiek and Bax (1 992) . Both HNCA and HN(C0)CA spectra were recorded at 20 "C and 30 "C; the HNCO and COCAH spectra were recorded at 30 "C.
The 'H and "N carriers were at the same positions as in the I5N heteronuclear experiments. For I3Ca pulses, the carrier was positioned at 58.09 ppm, and for I3CO pulses, at 177.4 ppm relative to TSP (Bax & Subramanian, 1986) .
The spectral widths in the I5N, I3Ca, I3CO, and ' H domains were 2,000,5,000,2,200, and 7,000 Hz, respectively. The maximum values for t l ("N), t2 (13C), and t3 ('H) were 20, 9.6, and 73 ms in the HNCA experiment; 16, 12.8, and 73 ms in the HN(C0)CA experiment; and 16,21.8, and 73 ms in the HNCO experiment. The maximum values for tl (I3CO), t2 (%a), and t3 ('H) in the COCAH experiment were 14.5, 10.8, and 73 ms. Quadrature detection in wl and w2 was done by TPPI. The water signal was suppressed by a weak rf field during the preparation period of 1 s.
The COCAH experiment is comparable to the HCACO experiment described by Powers et al. (1991) . Instead of starting the experiment with a 90" 'H-pulse, it starts with a 90" '3CO-pulse. The pulse sequence includes two constanttime '3C-evolution periods and is shown in Figure 8 . decoupling during both evolution periods was achieved by a GARP decoupling sequence (Shaka et al., 1985) . A I-s water presaturation period was included in the 1.9-s preparation period. The spectral widths in the 
Data processing
All data were processed and analyzed on a Convex C220 using the program SNARF, written by Frans van Hoesel, Groningen.
All 3D spectra were recorded as sets of 2D spectra. The time-domain data were filtered before Fourier transformation by multiplication with a shifted sine-bell function or by a Lorentz-Gauss transformation. After Fourier transformation of the three domains, a data set of 512 x 256 x 128 real points was obtained in the case of the NOESY-HSQC and TOCSY-HSQC spectra. A data set of 512 x 128 x 128 real points was obtained for the HNCA, HN(CO)CA, and HNCO spectra. The COCAH spectrum consisted of 790 x 128 x 128 real points.
